As a sequel to the calculation of the CP-violating asymmetry in the decay rates of b → d l + l − andb →d l + l − , we address in this paper the asymmetry in exclusive channelsB → π e + e − andB → ρ e + e − , using form factors from two different models. In the invariant mass region 1 GeV < √ s < M J/ψ , the partial width asymmetry in the channel B → π is −6% (−2%), and that in the channelB → ρ, for one choice of form factors, is −5% (−2%), assuming CKM parameters η = 0.34, ρ = 0.3 (−0.3). We also calculate the forward-backward asymmetry A FB of the e − in the e + e − centre-of-mass system, and find average values A FB B →π ≡ 0, A FB B →ρ = −17%, to be compared with the inclusive result A FB b→d = −9%. There is a CP-violating difference between A FB and the corresponding asymmetry in the antiparticle chan-nelĀ FB . Formulae are given that are applicable to any FCNC channel B → P q (V q ) l + l − , q = s, d, with m l = 0, including lepton spin effects.
I. MOTIVATION
We have recently calculated the CP-violating difference in the decay rates of the reactions b → d l + l − andb →d l + l − , expected within the standard model [1] . The asymmetry in partial widths is directly proportional to Im (V ub V * ud )/(V tb V * td ), and is numerically equal to −5% (−2%), assuming Cabibbo-Kobayashi-Maskawa (CKM) parameters η = 0.34, ρ = 0.3 (−0.3).
In this paper we examine the exclusive channelsB → π e + e − andB → ρ e + e − .
Although the branching ratios for individual channels are inevitably small, they probe different combinations of the Wilson coefficients c eff 7 , c eff 9 , c 10 appearing in the effective Hamiltonian, raising the possibility that the asymmetry might be substantially larger than in the inclusive reaction b → d l + l − . It may be noted that identification of the reaction b → d l + l − in the presence of the much stronger decay b → s l + l − will probably necessitate examination of the decay vertex, revealing the nature of the hadronic final state. In this paper we present results for the simplest exclusive channelsB → π e + e − andB → ρ e + e − . The formalism presented is general enough to be applied to any reaction induced by b → (s, d) l + l − (m l = 0), for any flavour-changing neutral current (FCNC) Hamiltonian characterized by H eff ∼ G µl γ µ l + H µl γ µ γ 5 l , (1.1) where G µ and H µ are arbitrary combinations of the currents
II. GENERAL FORMALISM
Assuming an effective Hamiltonian
and summing over vector meson polarizations, the differential cross section for the exclusive decayB → P q (V q ) l + l − is given by the following formula 1 16) and the one-loop function
where y i = 4m 2 i /ŝ. The function ω(ŝ) in Eq. (2.15) represents the one-gluon correction to the matrix element of the operator O 9 = (e 2 /16π 2 )q α γ µ P L b αl γ µ l. In our discussion of exclusive channels, this correction may be regarded as a contribution to the form factors, and hence may be omitted (see also Ref. [5] ).
As an alternative to the functions g(m u ,ŝ) and g(m c ,ŝ) describing the effects of uū and cc loops, we have also investigated an ansatz in which these functions are determined by the experimentally measured ratios R ρ,ω had (ŝ) and R J/ψ had (ŝ), as described in detail in our previous paper [1] . In this way it is possible to incorporate the ρ, ω and J/ψ, ψ ′ etc. resonances into the differential cross section in an approximate way, consistent with the idea of global duality. The numerical results for the average CP-violating asymmetry A CP depend very little on which of these representations we choose for the function g(m u,c ,ŝ).
If the spins of the leptons are not measured, we have
. 
(2.20)
Integrating the differential cross section, Eq. (2.18), instead over y and cos θ, we obtain the l + l − invariant mass spectrum
Formulae analogous to those given above also apply to the inclusive reactionB → X q l + l − , which, at the level of the parton model, is simulated by the transition b → q l + l − (see Appendix E for details).
III. PARTIAL WIDTH ASYMMETRY INB → π l + l −
A. Form factors
After these general remarks, we calculate the differential decay rate and CPviolating asymmetry in the reactionB → π l + l − . The relevant matrix elements are parametrized using the invariant form factors introduced, e.g., by Colangelo et al. [6] , i.e.
and
with q = p B − p π , and P L,R = (1 ∓ γ 5 )/2.
B. Decay rate forB → π l + l − Using the general expression Eq. (2.18), along with the form factorsŴ i (ŝ, y),
Eqs. (B3)-(B9), the triple differential decay rate becomes
5)
Integration of the distribution in Eq. (3.3) over y and cos θ leads to the differential decay rate in the variable √ŝ
where we defined
Eq. (3.7) agrees with Refs. [7, 8] , when we set d → s, M π → M K , andm d = 0 but m l = 0, and with Refs. [6, 9] in the case ofm l = 0. The above form factors are related to those of Refs. [10, 11] through
Using the Wolfenstein representation of the CKM matrix [12] , we may write
11)
Table I: Branching ratio Br (B → π e + e − ) compared to Br (B → X d e + e − ) for different values of (ρ, η), excluding the region around the J/ψ and ψ ′ resonances (±20 MeV). The labels "COL" and "MEL" denote the form factors of Refs. [6] and [11] respectively (see footnote 3).
with four real parameters λ ≡ sin θ C , A, ρ, and η, where η is a measure of CP violation in the standard model. Our results for the differential decay rate versus √ŝ are shown in Fig. 1 for typical values of (ρ, η), whereas the results for the branching ratio compared to the inclusive decayB → X d e + e − [1] are displayed in Table I . 3
C. CP -violating asymmetry
The CP-violating partial width asymmetry between B andB decay is defined as follows
and we obtain
and Σ π defined in Eq. (3.8) . In Table II we give the numerical values we have obtained for the average CP-violating asymmetry, along with the branching ratio, for a certain region of √ s, and show in Fig. 2 A CP for the two form factor models previously mentioned, as a function of √ŝ . It should be noted that the asymmetry is essentially independent of the parametrization of form factors, as illustrated in Table II . 
The labels "COL" and "MEL" denote the form factors of Refs. [6] and [11] respectively (see footnote 3) .
The form factors for this process are defined as follows (ǫ 0123 = +1):
where A 3 can be written in terms of A 1 and A 2 , i.e.
ǫ µ being the ρ polarization vector, and q = p B − p ρ .
where the functions A, B, and C are defined as
The integration over y may be carried out by noting that
with f 1 = y 2 − 4ŝ and f 2 = (2 − y) 2 − 4M 2 ρ . The functions α i (ŝ), i = 1, . . . , 4, are given in Appendix D.
The form factors defined in Eqs. (4.1)-(4.3) can be related to those of Ref. [11] via V (q 2 ) = (M B + M ρ )g(q 2 ) , (4.9a)
9b)
A 2 (q 2 ) = −(M B + M ρ )a + (q 2 ) ,(4.
9c)
.
(4.9h)
From Eq. (4.4) we obtain the differential decay rate in the variable √ŝ , by integrating over y and cos θ
where α 5 (ŝ) can be found in Appendix D. The expression for the differential decay rate, Eq. (4.10), agrees with the result found by Geng and Kao [7] form d = 0 but m l = 0, and with Greub et al. [9] in case of massless leptons, with the replacements d → s, and M ρ → M K * (see also Refs. [6, 13] ). In Fig. 3 , we plot the differential branching ratio as a function of √ŝ . Our results for the branching ratio for various values of ρ and η in the experimentally allowed domain, compared to the results for the inclusive decayB → X d e + e − [1] , are summarized in Table III .
C. CP -violating asymmetry
The CP-odd observable A CP , calculated in the channelB → ρ l + l − , is given by
with Σ ρ defined in Eq. (4.11), and 
(4.13)
As seen from Fig. 4 and Table IV , the result for the asymmetry A CP inB → ρ e + e − differs considerably between the models of Refs. [6] and [11] . This difference can be traced to the very different behaviour of the form factor T 3 (q 2 ) in these models, especially the difference in sign (see Table 1 of [14] ). The model of Stech [15] has a prediction for T 3 (q 2 ) qualitatively similar to that of [11] . It may also be noted that the inclusive asymmetry in the reactionB → X d e + e − , calculated in [1] , and reproduced in Fig. 5 , has a resemblance to the exclusive asymmetry inB → ρ e + e − shown in Fig. 4(b) . 
with Σ ρ defined in Eq. (4.11). Neglectingm l andm d in the above expression, we confirm the result of Ref. [6] . Our results for A FB in theB → ρ channel are shown in Fig. 6 , using the above-mentioned form factors. In addition, we plot in Fig. 7 
in Eqs. (4.11) and (5.1), which leads to
where λ u , ξ 2 , Σ ρ , and ∆ ρ are given in Eqs. 
VI. CONCLUSIONS
Flavour-changing neutral currents are a touchstone for weak interaction theories that make quantitative predictions for higher order effects (see, for example,
Ref. [17] ). In the case of the decays b → q l + l − (q = s, d), the standard theory predicts a remarkable effective Hamiltonian, containing three coupling constants c eff 7 , c eff 9 and c 10 that are determined by the mass of the top quark. While the first of these is probed in the decay b → sγ, the decays b → q l + l − involve the magnitudes and relative signs of all three couplings. The reaction b → d l + l − has the added piquancy of containing a large CP-violating phase, given by the argument of V ub V * ud /V tb V * td . In this paper, we have focussed on the CP-violating effects to be expected in the channelsB → π e + e − andB → ρ e + e − . Our results for the partial width asymmetry A CP are summarized in Tables II and IV We have also calculated the forward-backward asymmetry A FB in the channel B → ρ (≈ −17%), and the CP-violating difference δ FB ≡ A FB −Ā FB between the meson and antimeson channels. This result is shown in Fig. 8 . Together with our previous analysis of the inclusive decayB → X d l + l − [1], the present paper provides a complete profile of CP violation in the sector b → d l + l − of the standard model.
Our formalism is general enough to be applied to all reactions of the type b → q l + l − (q = s, d) induced by any effective Hamiltonian of the form (1.1)-(1.2).
Taking into account the typical branching ratio (∼ 2 ×10 −8 ) and the typical CPviolating asymmetry (∼ −5%), observation of CP violation in the exclusive channels B → π e + e − orB → ρ e + e − will necessitate ∼ 10 10 -10 11 BB pairs, a challenging task that can only be contemplated at future hadron colliders. By the same token, an unexpectedley large asymmetry for these reactions would be a signal of new physics in the b → d e + e − sector, and a pointer to the existence of CP-violating sources outside the CKM matrix. 
Further properties of the vector mesons can be found in Ref. [18] .
Introducing the functions D 1 and D 2 via
where F 1 (ŝ),F T (ŝ), andF 1 (ŝ) are defined through Eqs. (3.1), (3.2), (3.4) , and (3.5),
we obtain the following expressions for the form factors inB → π l + l − 
The form factorsŴ LL i can be related to the ones found in Ref. [19] for the semilep- In calculating the form factorsŴ i (ŝ, y) for the decayB → ρ l + l − it is useful to introduce the notation
with
so thatŴ
As before, the remaining form factorsŴ RR i , andŴ ± i , i = 1, . . . , 5, can be obtained by means of Eqs. (B8) and (B9). Using Eq. (B10), we reproduce the results derived by Boyd et al. [19] for the decayB → D * lν l .
APPENDIX D: AUXILIARY FUNCTIONS
where I 1 , . . . , I 3 has been given in the preceding Appendix, Eqs. (C5)-(C7).
The differential decay rate for the inclusive reactionB → X q l + l − , q = s or d, may be written as where the expression forT is given by the {· · ·} term in Eq. (2.2), with the replace-mentŴ i →T i , and the scaled variableŝ and [11] ), the distributions are indistinguishable. 
